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ABSTRACT 

This report presents the results of the examination and anal y sis 

performed on a sample of l oose, gravel -l ike particulate debris collected 

during March 1987 from the top of the B-l oop steam generator upper tube 

sheet of the TMI -2 reactor. The examination and anal y sis is part of the 

characterization of the TMI -2 reactor coolant sy stem being performed by 

EG&G I daho and GPU Nuclear Corporation. 

Results of the analysis indicate that the recovered debris is simil ar 

to the samples of debris coll ected from the upper core debris bed. The 

debris , which was probabl y transported from the reactor vessel to the 

B-loop steam generator when the 2-B reactor cool ant pump was turned on 

174 minutes into the accident,  was examined to define its phy sical 

characteristics, composition, and associated radionuclide concentrations. 
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TMI-2 B-LOOP STEAM GENERATOR LOOSE DEBRIS EXAMINATIONS 
____ , . 

1. I NTRODUCTION 

The Unit-2 p ressurized water reactor at Three Mil e Island (TMI - 2) 

experienced a loss-of-cool ant accident on March 28, 1979, that resulted 1 n  

severe da .. ge to the core. Since the accident, considerabl e  effort has 

been expen ded to iMprove our understanding of the physical mechanisms that 

controlled the core da•age progression and to assess the magnitude of the 

release of fission products and fuel from the active core region to the 

reactor cool an t  system (RCS) and other auxiliary systems. This report 

presents the results of the exa•inations and analyses performed on a sample 

of loose particulate debris collected during March 1987 from the top of the 

B-loop steam generator upper tube sheet. The objective of these 

examinations was to characterize the coaposit1 on and fissi on product 

concentrations of  debris transported out of the reactor vessel to the RCS ,  

probably during the operation of  the "B• reactor coolant p ump. 

The first visual inspections of the core were performed during 1982 

using a closed-circuit television (CCTV) system. 1 The inspections 

revealed the presence of a large void in the upper region of the core. The 

void extended axially about 160 em into the active fuel region and 

radially, in some locations, to the core former wall, occupying 

approximately 2SS of the original core region. Relatively intact fuel rods 

were observed in the peripheral regions of the core and a bed of granular 

rubble was seen to extend over .est of the diameter of the core. After the 

CCTV inspection on August 12, 1982, the debris bed was probed by lowering a 

stain'ess steel rod through two control rod guide tube openings. The 

probes indicate that the debris bed was as deep as 94 em and that it rested 

on a hard layer of solidified core material. 

Following the success of the exploratory probings, the ffrst samples 

of debris bed material were collected during September and October 1983. 

At this t1 .. , a total of six samples were retrieved from the debris bed at 

grid locations H8 and E9. which were , respectively, near the center and 
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mid-radius of the core. At each location, samples were collected from the 

s urface of the bed and at depths of 8 and 56 em below the s urface of the 

debris bed. Five additional s amples were ex tracted f rom the debris bed at 

thes e s ame two locations during March 1984. Samples were collected at 

depths of 74 and 94 em at location E9 and at depths of 36, 70, and 77 em at 

location H8. 

I n  order to complete the end-s tate characterization of the reactor 

core, a core boring machine s imilar in des ign to the boring machines 

employed to ex tract geological core s amples was built and s ubs eq u ently u sed 

during July and Augus t 1986 to drill through the entire height of the core 

at ten different locations.2 At nine of thes e locations , core s amples 

meas uring 6. 4 em in diameter by about 1.8 m in length were ex tracted from 

the reactor core. I mmediately following the removal of each of the nine 

core s amples , the core bore hole was vis ually ins pected us ing a CCTV 

s ys tem. The ins pections revealed that the damage to the core was much more 

ex tens ive than originally es timated. A region of previous ly molten 

material having a volume es timated to be about 10% of the original core 

volume was confirmed to be in the lower , central region of the core. The 

s olid s tructure was about 1.2-m thick at the center of the core, and it 

tapered to a thicknes s of between about 30 and 60 em near the core 

periphery. Sections of s tanding intact fuel rods were pres ent between the 

bottom s urface of the s olid ceramic s tructure and the fuel rod lower 

endfittings . I ns pections of the lower plenum region revealed that f rom 

10 to 20 metric tons of previously molten material were present in the 

reactor vessel lower plenum below the f low dis tributor plate. 

The ex aminations of the reactor core des cribed above provided a basis 

for pos tulating a credible accident s cenario that includes core damage 

progres s ion during the accident.3 Two fundamental features of the 

accident s cenario that will be us eful in interpreting the results of the 

analys es of the debris collected f rom the B-loop steam generator are 

s ummarized below: 
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1. The Zircaloy-4 cladding i n  the upper half of the core experi en ced 

rapid heatup and oxfdatf on between lSO and 174 mfn into the 

acc ident. During this ti me frame, temperatures near the cen ter 

of the c ore were suf f i c ient to cause Zircaloy-4 c ladding to 

melt. The molten c ladding dissolved some of the UOz, and thi s 

molten U-Zr-Q ternary mixture flowed toward the lower reg f on of 

the core where it solidified when it came into contact with 

reactor coolant in the bottom of the vessel. The end-state 

confi guration of the ceramic monolith in the core indi cates that 

c ooling in the lower O.S m of the core was maintain ed. By 

174 mi n,  the region of molten materials and severely damaged fuel 

assembli es i ncluded about one-third of the total quantity of 

materials in the core. 

2. When the B-2 reac tor coolan t pu.p was turned on momen tari ly at 

174 mi n ,  as much as ZS m3 of water was injected i n to the core 

in less than 15 s. The resulti ng  thermal shock and the 

mechanical forces born from rapid steam production probably 

shattered the oxi dized fuel rod remnan ts above the molten region, 

f ormi ng  a bed of debri s across most of the diameter of the core. 

At ZOO mi n, the high-pressure injection system (HPI S) was turned 

on. Although the exact amount of water injected by the HPI S 1 s  

not kn own, best estimates i ndicate that suffici ent quanti ties of 

water were injected from these two sources to cover the core 

someti me after ZOO min. 

The video inspections of the core bore holes indi cate that remnants of 

fuel asse�ly structures orig i nally located at the upper ends of the fuel 

assembli es were embedded fn the upper crust of the previously molten 

c era�ic struc ture, whi ch was buri ed under as much as 94 em of granular 

debri s. Thf s is strong evidence that the debris bed was vi gorously mi xed 

before the upper crust formed someti me after 200 m1 n into the accident. 
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Figure 1 shows the TMI -2 reactor coolant system piping and 

components . Each of the two reactor coolant loops consists of a 

once-through steam generator, two reactor coolant pumps, and associated 

hot- and cold -leg piping. The figure shows the f lowpath of reactor coolant 

through the system when operated und er normal operating cond itions. 

Reactor coolant discharged from a reactor coolant pump is routed to the 

reactor vessel through a cold leg. Upon entering the reactor ve ssel, the 

coolant is directed via a d owncomer to the bottom of the reactor vessel .  

From the lower reactor vessel head it flows up through a f low d istributor 

plate and thence through the reactor core. After exiting the top of the 

core, the coolant leaves the reactor vessel and is routed to the tops of 

the steam generators via two candy-cane-shaped hot legs . Each hot-leg 

rises more than 14 m between the reactor vessel outlet and the steam 

generator inlet. Given the fact that the B-loop hot-leg is the only 

pathway by which core particulate debris could have reached the upper tube 

sheet of the B-loop steam generator, it is almost certain that the material 

was d eposited on the tube sheet d uring the brief time the 2-B reactor 

coolant pump was turned on 174 min into the accid ent. 

Forced circulation cooling of the reactor core was resumed about 16 h 

after the initiation of the accid ent through the A-loop using reactor 

coolant pump 1-A. N atural circulation cooling of the core commenced about 

31 days after accid ent initiation with coolant f lowing through both the 

A- and B-loops. The B-loop steam generator was later isolated . Beginning 

2 years and 106 d ays af ter the accid ent, an eq uivalent of 4 reactor coolant 

system volumes of reactor coolant was processed through the SES/EPI COR-I l 

system. The steam generator tubesheets were uncovered d uring J uly 1982 

when the reactor coolant system wate r level was lowered for initial reactor 

disassembly. During the 3 years and 4 months that the de bris on the uppe r 

tube sheet of the B-loop st� am generator was submerged in reactor coolant, 

the pH of the reactor coolant was maintained between 7 . 5 and 7 . 7.
4 
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2. SAMPLE ACQUI SI TI ON AND ANALYTI CAL M ETHODS 

This section describes the procedure and the apparatus used to 

retrieve l oose particulate matter from the upper tube sheet of the "B" 

steam generator, and tt al so describes the analy tical methods used to 

anal yze the sampl e after it arrived at the I daho N ational Engineering 

Laboratory (I NEL) . 

2. 1 Sampl e Acquisition 

I n  March 1987 about 81 g of l oose particul ate debris were retrieved 

from the top surface of the B-l oop steam generator upper tube sheet, using 

a vacuum apparatus shown schematicall y in Figure 2 .  The vacuum apparatus 

was equipped with a suction nozzle that consisted of a 2 . 4 -m-long Al pipe 

having a 1 . 58-cm inside diameter. Figure 3 is a schematic of the vacuum 

nozzle. As shown in Figure 2, the nozzle with an attached video camera was 

inserted into the upper pl enum of the steam generator through the manway 

opening. 

The sample of loose particulate debris was sucked from the top of the 

tube sheet through the nozzle pipe and vacuum hose into a pol y propy l ene 

sock-type filter where it was trapped. The filter was supported by a 

perforated stainl ess steel canister that measured 10 . 2  em in diameter by 

20.3 em in length. The perforated canister was instal led inside an outer 

fil ter canister that was shielded with Pb and had special features so that 

it could be used as an R2-ty pe shipping container. 

2. 2 Analytical M ethods 

The vacuum canister w�s shipped to the I NEL where the sample was 

unloaded, separated into sieve fractions, and weighed. When the sampl e 

canister was opened, it was determined that the polypropylene filter was 

torn and that some of the debris had fallen to the bottom of the canister. 

I nquiries at TM I -2 indicated that the filter may have broken during 

operation and that some of the small er particl e size material may have been 

l ost. The filter sleeve and app roximately one-half of the sampl e, 
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Figure 2. Apparatus used to collec t the loose debris sample . 
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Figure 3.  Vacuum nozzle arrangement. 

8 



incl uding the l argest individual particle,  were repackaged into the vacuum 

canister and transported to Babcock and Wilcox (B&W) in lyn chburg, 

Virgin i a, for examination. The analytical methods used at the INEL in 

analyzing the samp l e  incl uded particle stztng , using  sieves, gamma ray 

spectroscopy, n eutron activation anal ysts , flow-through gas proportion al 

counter anal ysts of beta emitting species , and elemental anal ysis , usfng  

inductively coupled pl as•a (ICP) spectroscopy. These analytical techniques 

were, in aost cases, standard l aboratory techniques. 

In total, twelve individual sample al tquots were analyzed. Eleven of 

the twel ve samples were of particl es having specific s i zes , and on e was the 

reco.bfned bulk s a•p l e. The latter sa•pl e was to have been analyzed to 

deten.fn e the average concent ration s of the radfonuclides and elements in 

the bul k  sa•pl e; however, becaus e of analysts probl ems, the radiochemical 

anal ysts results are not incl uded in thts report. 

2. 2. 1 Physical Exa•ination s 

Visual exa•inatfon s of the debris sampl e were perfo�ed and 

photographs were taken during  unpackaging and throughout the handl ing of 

the s a•pl e to deter.ine the sizes, shapes , and types of particles in t he 

sa•pl e. Following the initial exami nations, the sample was dried at 100° C 

and was then weighed. 

The particl e-size distribution of the bulk sample was performed using  

a col umn of five progressively small er sieves. The sieves , manufactured by 

Dual �anufacturfng C ompany, Chicago, I l l inois. were a United States 

standard steve series meetin g A.S.T.M. E-ll specification s. After 

t ransferring the dried bul k  sample to the sieve.column, the column was 

shaken for several •inutes to segregate it into part i cle- size fraction s 

according to steve aperture size. The s t eve sizes used were 

1000, 710, 300, and lSO �; the bulk sample was segregated into the 

fol lowt.�g size fractions:  >1000 �m. <1000 to >710 �m. <710 to >300 �m. <300 

to >ISO�·. and <lSO �m. Each size fraction was examined visual ly, 

weighed, and then dfvided in hal f. On e half of each size fraction was 

transported to  B&W. 
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I n  the case of the >1 000 �m size fraction, 7 individual particles 

having a total mass of 1.39 g were extracted from the sample for analy sis. 

The masses of these individual particles ranged from 0 . 0 76 to 0 .258 g. 

These samples were chosen based on a fuel pellet-like appearance to 

characterize radionuclide concentrations in fuel transported to the RCS. 

All of the other size fractions analyzed consisted of multiple particles. 

2.2 . 2 Gamma Ray Spectroscopy Measurements 

Gamma ray spectroscopy analyses were performed on the 7 individual 

particles removed from the >10 00 �m size fraction and on each of the other 

four size fractions. These analyses were performed by the Radiation 

Measurements Laboratory (RM L) using an HPGe spectrometer controlled by a 

VAX 11/750 computer. All spectra were analyzed using GAP,
5 

a 

pulse-height gamma ray analy sis program designed for, and used routinely 

on, the RML VAX 11/750. The calibration of the HPGe gamma-ray spectrometer 

used to analy ze the debris samples was routinely checked using traceable 

standards obtained from the N ational Bureau of Standards . 

2. 2. 3 Fissile Material Assay s 

The quantities of fissile material (i.e., U-235) in the five particle 

size fractions of the debris sample were determined using a delayed neutron 

counting technique, 6 and samples were analyzed using the delay ed neutron 

counting system at the Advanced Reactivity Measurement Facility (ARMF) . 

The delayed neutron counting sy stem uses the 10 0-kW reactor at the ARMF,  

and uses a pneumatic sample transport system that rapidly moves the sample 

from the reactor to the delay ed neutron counter. The sy stem was calibrated 

using standards containing known quantities of U-235 and -238 . The U-235 

count rate data for the sa�ples were corrected for background , 

self-shielding, and delayed neutron counts resulting from the fission of 

U-238 and Pu-239. For each sample , a U-235 enrichment of 2.64 Wt% was 

assumed so that the gross count rate could be corrected (2-3%) for the 

count rate resulting from U-238. The corrected count rate data were 
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converted to U-23S equivalent •asses , us tn g the delayed neutron counting 

syste. calibration functions. These U-23S equivalent ma sses were for the 

a.ount of Pu-239 present in each sample. As of March 1979, Pu-239 averaged 

7.11 of the total fissil e  material in the core;7 therefore , in each case, 

92.1\ of the U-23S equival en t mass was assumed to be U-Z3S. 

2.2.4 C hemical and Ra di ochemica l Analyses 

Seven individual particles from the >1000 �m size fraction and one 

al iquot from each the four small er size fractions were analyzed for 1- 1 29 ,  

Sr-90, and core •aterial elements. Prior to anal ysts , the sampl es were 

dissol ved, using a pyrosul fate fusion technique f nitital ly developed to 

analyze the core debris grab samples.
8 

This dissol ution is performed in 

a closed syst  .. to contain the volatil e 1- 129. Al so, stabl e iodin e carrier 

is 1dded to each sa•pl e prior to dissol ution to minimize the loss of 1- 129 

during the dissol ution, and 1-131 is added to determine the chemical yiel d 

of 1- 129. A buf fered sodium hydroxide sol ution is used to trap the gaseous 

1- 129 and -131 that evol ves from the sample during dissol ution. The iodin e 

is then removed from the solution , using standa rd chemical separation 

methods 1nd an anton exchange column to extract the iodine from the 

solution. The ion exchange resin is subsequently activated in the ARMF 

reactor, producing 1- 130, which can be measured using gamma spectroscopy. 

lodi�e-130 is an activation product of 1-1 29 , and ,  therefore , the amount of 

1- 1 29 in the sa•ple is proportional to the quantity of 1- 130 measured. 

The concentration of Sr-90 f s  determined by placing the non volatile 

portfor of the dissolved sample in sol ution in water , adding a known 

quantity of Sr carrier, ard precipitatin g the Sr-90 and Sr carrier as 

Sr-c1rbonate. The strontium is then separated �rom its yttrium da ughter 

product (1 gamma ray emitter) and the con centration of st rontium is 

determined by the increase in �he amount of mea surable yttrium in the sampl e. 

The concentrations of stable elements in the nonvolAtile portion of 

each s1•ple are determined usin g inductively coupled plasma ( I C P) 

1 1 



spectroscopy. The concentrations of the fol l owing elements were measured: 

Ag , A 1 , B , Cd , Cr, Cu, Fe, Gd,  I n, Mn, Mo, Ni, N b, Si, Sn, Te , U ,  and Zr. 

These elements and 0 are the major elements in the material s that make up 

the reactor core. 
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3. EXAMINATION RESULTS/DISCUSSION 

This section presents the results of the physical examinations, gamma 

rlY spectroscopy •easurements ,  fissile material assays , and chemical and 

radiocheaical anal yses described in Section 2. 

3.1 Physical Examinations 

The particl e-size distribut ion of the bulk sampl e (40 g) was 

deter.ined using the .. thod described in Section 2.2.1. Results of the 

particl e-size distribution analysis are presented in Table 1 and are 

plotted tn Figure 4. The data in Table 1 show that 93.3 Wt' of the debris 

saapl e consists of particl es larger than 1 000 �m. The weight percents of 

the four reaainfng size fractions are: (1) >710 to < 1 000 �m . 1.7 W�; 

(2) >300 to <710 �·· 2.7 Wt'; (3) >150 to <300 �m. 1.0 Wt,, and 

(4) < 150 �. 1. 3 W�. This particle- size distribution is similar to 

the particle- st ze dtstrt but t ons that were determined for 7 of the 

11 samples of particulate matter that were removed from the core debris bed 

during 1 983 and 1984. For seven of the debris bed samples, greater than 

8� of their aasses were made up of particles larger than 1000 �- . 8 

However, these data aay not accurately define the particle-size 

distribution for the saaple, as was noted, because the sock-like filter 

containing the sample had failed and some of the smaller particl e size 

aaterial may have been l ost . 

The particles l arger than 1 000 �generally had sharp angular surfaces 

and were a aedfum grey col or. The masses of the 7 particles from this size 

range that were individuall y analyzed for concentrations of radionuclides 

and elements ranged from 0.076 to 0.258 g. The masses of these 

7 individual particles and the masses of the samples from the four smaller 

size ranges are presented in Table 2. The data in Table 2 show that, 

ex cluding the reco.Of ned bulk sample, the total mass of the particle-size 

fractions that were anal yzed ts about 1.6 g, and the cumu l ativ e mass of the 

7 particl es larger than 1 000 �m fs about as' of this total , being about 

1 .4 g. 

• 
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TABLE 1. RESULTS OF THE PARTICLE-SIZE ANALYSiS OF THE B-LOOP STEAM 

GE�tRATOR DEBRIS SAMPLE 

Particle She 
(J!!) 

>1000 
>710 to >1000 
>300 to >710 
>lSO to >300 
>lSO 

Total Nss 

. ----·- ·---··---

Original 
Bulk Saaple 

Mass 
(g) (Wt.S) 

7S.600 93.3 
1.3SO 1.7 
2.200 2.7 
0. 796 1.0 
1.077 1.3 

---

81.023 

·- -·-·-- _# ___ 

RecOMbined 
Bulk. Sa11ple 

Mass 
(g) 

38.140 
0.497 
0.934 
0.215 
0.546 

40.322 

TABLE 2. MASSES OF THE SAMPLES THAT WERE ANALYZED 

Particle Size 
()dl) 

>ISO 
>ISO to >300 
>300 to >710 
>710 to >1000 

>1000 
>1000 
>1000 
>1000 
>1000 
>1000 
>1000 

IS 

• 

Sample Mass 
(g) 

0.037 
O.OS5 
0. 119 
0.040 

0.076 
0.223 
0.134 
0.226 
0.230 
0.258 
0.240 

(Wt') 

94.6 
1.2 
2.3 
0.5 
1.4 



3. 2 Radiochemical Analyses 

Radiochemical analyses were performed on 7 individual particles 

segregated from the >1000 pm size fraction, on aliq uots from 4 sieve 

fractions smaller than 1000 pm, and on the recombined bulk sample. The 

samples from each particle-size fraction were subjected to various analyses 

to determine the concentrations of gamma-emitting radionuclides, U -235, 

Sr-9 0, and I -1 29. With the ex ception of neutron activation analysis for 

I -129, the recombined bulk sample was subjected to the same analyses as the 

particle-size fractions. 

The concentrations of Co-60, Sr- 9 0, Ru-106 , Sb- 125 , I- 129 , Cs-134, 

Cs-137, Ce-144, Eu-154 , Eu- 155 , and U -235 measured in th e eleven samples 

analyzed are presented in Table 3. The concentrations are reported as 

pCi/g for the fission and activation products , and as pg/g for U-235. 

All activities are decay-corrected to April 1,  1987. The average 

concentrations measured in the 7 particles larger than 1000 pm are also 

presented in Table 3. Radionuclide and U -235 concentrations for the four 

particle size fractions smaller than 1000 pm , and the average radionuclide 

and U-235 concentrations measured for the 7 particles larger than 1000 pm 

are plotted as a function of particle-size range in Figure 5. 

The plots shown in Figure 5 indicate that the concentrations of 

Ru-106 , Sb-125, I - 129 , Cs-137 , and Eu-155 are highest in particles smaller 

than 150 pm. For ex ample , the concentration of Cs-137 is about 6 mCi/g in 

particles smaller than 150 pm and is about one half that value in the 

larger particles , ranging from about 2.1 mCi/g for particles between 

710 and 1000 pm to 3. 0 mCi/g for particles larger than 1000 pm. Similarly , 

the concentration of I-1 29 is about 81 pCi/g for the smallest particle-size 

range , whereas its concentrations in the four successively larger 

particle-size ranges are about 11 , 6 ,  44 , and 6 pCi/g , respectively. For 

spherical particles , the surface-area-to-mass ratio is inversely 

proportional to particle radius , which implies that if density is 

reasonably uniform , a given mass of 150-pm particles will have about 
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7 time s the surf ace are a of the same mass of 1000-�m particle s.  The fact 

th at the conce ntrations of se ve ral relatively volatile radionuclide s are 

highe st in particle s smalle r than 150 �m might be e xplaine d by the highe r  

surface -are a-to-mass ratio of the 150-�m particle s.  The data sugge st that 

significant q uantitie s of the Cs-137, I-129, Ru-106, and Sb-125 associated 

with the particle s smalle r than 150 �m are de posite d on the surfaces of the 

particle s. 

Some radionuclide s indicate relative ly consiste nt conce ntrations, 

whereas othe rs are more variable . Plot A in Figure 5 shows that the 

conce ntrations of Cs-137 in particle s large r than 150 �m are comparable , 

and that the conce ntration of Ce -144 remains e sse ntially constant ove r the 

e ntire range of particle size s analyzed.  The conce ntrations of Co-60, 

Sr-90, Ru-106 , and Sb-125, on the other hand, e xh ibit more variation (see 

Plot B, Figure 5). The conce ntrations of Co-60 in particle s smalle r than 

150 �m and large r than 1000 �m are be twe e n  a factor of 5 and 10 lowe r than 

the Co-60 conce ntrations me asure d in the 3 inte rme diate particle -size 

range s,  which colle ctive ly h ave an ave rage Co-60 conce ntration of 

64. 3 �Ci/g. The conce ntrations of Sr-90 in the 710 to 1000 and >1000 �m 

size range s, which we re me asure d to be 6. 0 and 5 . 7 mCi/g , re spe ctive ly, are 

about a factor of two highe r than the corre sponding conce ntrations me asured 

in the three smalle r particle -size range s.  Ruthe nium-lOG conce ntrations 

for the 5 particle -size groups range from a low of 49 �Ci/g f or the 150 to 

300-�m particle -size group to a high of 161 �Ci/g f or the <150-pm size 

group. Antimony -125 is the only radionuclide wh ose conce ntrations appe ar 

to exh ibit a tre nd. Plot B in Figure 5 sh ows that the concentration of 

Sb-125 de cre ase s with incre asing particle size . Its conce ntration is about 

369 �Ci/g in particle s <150 pm , whe re as it is only about 45 pCi/g in 

particle s >1000 �m. 

Table 4 pre sents ste am-ge ne rator-de bris radionuclide conce ntrations 

normalize d to me asure d uranium conce ntrations , the re sults be ing e xpre sse d 

in units of pCi pe r g of uranium . For e ach sample , the total uranium 

conce ntration was de te rmine d by dividing the U-235 conce ntration liste d in 

Table 3 by an assume d U-235 e nrichme nt. An e nrich ment of 0.0264 (i . e . ,  

20 
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2. 64%) was assumed for the p urpose of calculation; this enrichment has been 

shown to yield the most credible total uranium concentrations.7 The data 

in Table 4 show that the more refractory radionuclides (i. e. , Sr-90, 

Ce-144 , Eu-154 , and Eu-155) exhibit normalized concentrations still 

essentially indep endent of p article size. This indicates that the rel ative 

q uantities of these radionuclides dep osited on the surfaces of the 

p articles are small. It also indicates that p article size did n ot 

significantly influence the leachability of these refractory 

radionuclides. In contrast, the normalized concentrations of Cs-134, 

Cs-137 , and Ru-106 for the <150-�m p article-size group are between a factor 

of 2 and 10 higher than their corresp onding concentrations in the larger 

particle-size groups. As previously mentioned, p articles 150 �m in size 

have a surface-area-to-mass ratio about a factor of 7 greater than that for 

1000 �m p articles . The elevated concen�rations of Cs-134, Cs-137, and 

Ru-106 in p articles <150 �m might result from the fact that relatively 

large fractions of the activities of these radionuclides are p lated out on 

the surfaces of the p articles. 

In order to estimate what fraction of the activity in the 

steam-generator sample can be accounted for by the activity retained by the 

fuel in the sample, the normalized data p resented in Table 4 were divided 

by the corresp onding concentrations calculated, using OR I GEN 2 results. F or 

each fission product, the activity calculated using OR IGEN 2 was 

decay-corrected to April 1 ,  198 7, and then divided by the p reaccident mass 

of uranium in the core , which is estimated to be 8 .375 E+07 g. 2 Because 

both the measured and theoretical fission product concentrations are 

exp ressed as �Ci per g uranium, their ratio is dimensionless. If all of 

the activity of a particular radionuclide is considered to be associated 

with fuel, then the ratio can be interp reted as the maximum fraction of the 

activity of the radionuclide considered to have been retained by the fuel. 

The calculated maximum radionuclide retentions are p resented in 

Table 5. The data in Table 5 show that the measured concentrations of the 

majority of the radionuclides , expressed as �Ci p er g uranium, are higher 

in p articles smaller than 150 �m than can be accounted for by the 

22 



• -

Wool a&: 0 u 
� c 
u 

..... 
% -
z 0 
0 
Wool Cl» c CD 
Cl» 
,... u :::::» 0 0 a&: ca. 
z 0 
Cl» Cl» -
.... 
-0 

�. i' 0 ...J - .... ,... :::::», z .... .... ,... ..., , .... :�: a&: -

-!I : 

.. ,. 
I -

., 

• 

I .. . .. 

_. ! ... 

.. ... 
.. .... 

I o. �· "':'I .. 0 

-
:» • • 

.... -
... , <It .;. 

! " 

-
., 

• 

... ... 

.. 

� 
I • 
... 

I " 
• -
' 
-A 

• 

,. " 

• 

! 
• -

• ,. 

.,. ... 

... ... 

.. • 
..... 

0 

• .... 
... 

• 

-.... 

... 0 

� 
• 
• 

• 
-
" 
• -
� -,. 

' 
..; 

0 

... 

• .. 
• 

... 0 

-.,. 

• 

a 

' 
.;. 

0 

... 
,. 

0 

.. .,. 

.. .... 
..... 

0 

.. 

' -
;::; 

0 

.. " 

0 0 

,. . 
... .... 

0 

• • 
.. 

-
0 

.., ... ..... 
... 

8 

I 

' 
... ... 

.... • .., 

-
� 

' 
I 

,. ... 
.... 

.,. • 
..; 

, 
• 

0 

' 
..; 

0 

-
0 

.... ,... 

... 
• 
• 

..... 0 

I . 
-
0 

... 

0 

.... .., 

0 

.., 

..,.. • 
• 

' -

.. 

c;· 

• • 
• 

-
� 

... 0 
•l 

-· 

,.._ 

.,. ... 

. ... 

8' 81 ·' . .  --
f""\1 �--
�� .. 
•, "'- r.,. 

-· 

0 

\i • 

i! g .. 
'"" c ... 

I • • • • • • 
� ': A � '::: ": ,.. 

23 

! 
I 
c • 
• 

... • 
.. .. 
I 

I 

t • 
: 
-· 
,. 0 
0 • 

... • 
-· 
--0 
�-
A.,. ·­_.., 

c .,. 
!i ·­--

• 
.,._ .. ::> lO � 
• •  - ... .. 0

! 
· -

·= \J-
... a ... • 0 -c ..:l -· 
·� 
l! -

r! -:o .. . .. ... • lO .. - -
.!!2 :o­... 
";C ... � .. -
1:: • ... 
. .. 
j; • 
- , ·-
·� � • 
•• .. ... 

... -

.. 
� 
� -
• ... 
I I 
II 

;I 
-
t 
• .. 
� .. .. • • • 



� 

activities retained by the fuel. For example, the results for I-129 

indicate that the normalized concentration of I-129 in particles smaller 

than 150 �m is about 50 times higher than the average concentration of 

I-129 in the fuel at the time of the accident. Similar results for other 

radionuclides for the same particle-size fraction are Ru-106, 1.67; Sb-125, 

3.13; Cs-134, 1.30; Cs-137, 1.22; and Ce-144, 1.23. As previously 

mentioned, these results might be explained by activities deposited on the 

surfaces of the particles, given the fact that the surface-area-to-mass 

ratio increases with diminishing particle size. The data presented in 

Table 5 indicate that the concentrations of Sr-90 and Eu-154 in the fuel in 

particles smaller than 150 �m are about equal to their average 

concentrations in the fuel at the time of the accident. 

3.3 Elemental Analyses 

The results of the ICP elemental analyses of the sieved fractions are 

presented in Table 6. Concentrations are expressed as Wt%. The sum of the 

concentrations of the elements detected in a given sample do not normally 

add up to 100%. Based on the results presented in Table 6, the cumulative 

weight percents of the elements quantified in each sample are <150 �m. 

82.6 Wt%; >150 to <300 �m. 61.9 Wt%; >300 to <710 �m. 64.6 Wt%; >710 to 

<1000 �m. 100.1 Wt%, and >1000 �m. 82.2 Wt%. The cumulative 

concentrations for a given sample are expected to be less than 100% because 

major elements such as oxygen could not be measured using the ICP 

technique. The total uncertainty associated with the element 

concentrations reported in Table 6 is 10 to 15%.2 

The concentrations of U, Zr, and Sn in the steam generator debris 

sample are plotted as a function of particle size in Figure 6, Plot A. 

Although the data exhibit anomalies (e.g., the concentrations of Zr and Sn 

for the >710 to <1000 �m group appear to be too high), two trends are 

apparent: (1) the concentration of U increases with increasing particle 

size, and (2) the concentrations of Zr and Sn decrease with increasing 

particle size. The value of the Zr/U ratio for the 7 individual particles 

larger than 1000 �m ranges from 0.003 to 0.50. Five of the 7 particles 

24 



TABLE 6. 

,., .. (If' \Itt' 
__ 1�J-
cl\1 

,1M •• c-

>JOO ,. <110 

,, .... <1,000 

>I,-

N )1,000 
"" 

)1,000 

>1,000 

,,,000 

)1,000 

)1,000 

CONCENTRATIONS OF EU .. ENTS IN DEBRIS COllECTED FROM lHE ·B· 
TUBE SHEET (wtl) 

S..1t ... \\ 
__ltl. ___ !!__ AI 

J. 100 I 07 l.OJ ... c1.4 1•00 

\.4101 07 I .•• ( oOO d .• 01 

I .liS ( -01 I . .0 I -01 l.lJ I 01 

4.010 I -07 •••• 1-01 l.M 1•00 

7.UO f 07 d.O 1 -01 d9 I 01 

1 n1 1 ..e1 ••- 7 I -01 d. f -01 

1 H1 I -01 cl .1 1-01 <J.t l -01 

1.,.. I 01 ... .  ( ...., <1 ) I -01 

l.Jn 1-01 ••-s I -07 4.10 I -01 

1 SJt I -01 d.l 1-07 d.O I 01 

1.400 I -01 �U_l_-0? <�-1. !.�! 
... , .... : • 70 f 01 
SIMI . .,.w.: 

--'- - Cd 

< 1. 4 I •00 '-"l-Ot 

ct.• I -01 4 10 I -01 

•4. 4 I -01 ,_ .. 1-411 

<l.l ltOO l.ll ( -01 

d.t f -01 ,_., f 01 

<1.4 f -01 l 1• I - 07 

cJ.t I 01 l.ll I 01 

<1 J I -01 J. Jl l-07 

cl.J 1-01 t. n 1 -o1 

<7.0 I -01 1.tt I 07 

<7]_1 01 <IJ I 01 

•. 77 I -01 
J.S. I 01 

_c,_ 
<7.0 1·00 

cl • 1•00 

ct.J I -01 

<l.t 1•00 

<9 I 1 01 

<l J I -01 

d .• I-ll 

<J.JI-01 

<J.l I -01 

d.t 1-01 

<) I I _0_! 

• 

STEAM GENERAlOR UPPfl 

. t• . .. w 111 -

..... I 01 1.11 1-411 . . .. .... c·• • 1 .. 

1 14 I 01 .111•00 c 1.1 1•00 cl., .... 

... 1-01 I \1 hOO •'>. 7 I -01 <I.S I•• 

l ,. 1-411 ,_ .. 1 -tl <I , I•GO <4.S , .. 

1 '' I -01 1.9\ 1-01 cl.l , ... , d ...... 

• 11 I 07 ••. 1 1-417 cJ.O f -01 ct. I f -01 

S.St I -IZ cl.l I -01 c\.0 I -411 < 1 . J I --01 

J.Jt 1-0l •••• 1-417 d.O l 01 , l.t I -01 

._., 1-Gl 1.17 I 01 d.t 1-411 cl.l. -01 

I. 11 l -07 cS.I f -417 <1 .• I-ll c7 .0 I-ll 

t�l.:Ql �·-·.1_ t-01 �L,_I.:f! <.U.�� 
1.\t l-07 7 •1 I -01 
•. " f 07 1 40 I -07 



N 
0\ 

TABLE 6. {Con t1 nued) 
---

Particle Size Sample "ass 

_l!Jm__j__ !g) 
<150 3.700 E-02 

,.150 to <300 5.480 E -112 

>300 to <710 1.185 E-01 

>710 to <1,000 4.010 E-02 

>1,000 1. b30 E -02 

>1,000 2.233 E-01 

>1,000 1. 342 f -01 

>1,000 7.764 E-01 

>1,000 2.303 [-01 

>1,000 2.579 £-01 

>1,000 ?.400 E-01 

Averagea: 
Std. Oev.: 

Recombined 4.032 E•Ol 

------------------ ------------------------

_.!!.!:!___ "0 Nl Nb _ _ S_I __ __2!1 __ 
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la rger tha n 1000 �m a re pa rticles of fuel tha t have ma sses ranging f rom 

a bou t 0. 13 to 0. 26 g. The Z r/U ra tio ha s a ma ximu m va lu e of 0 . 0 2  f or these 

5 pa rticles. Two sa mp les e xhibit rela tively high Zr conce ntra tion s .  The 

sieve fra ction >710 to < 1000 �m ha s a Zr concentra tion of 26. 4 Wt%, a nd one 

of the pa rticles larger tha n 1000 �m ha s a Zr concentra tion of 17 . 6  Wt% .  

The Ag-I n-Cd control rod ma teria ls collectively a ccou nt f or 

app roxima tely 2. 1 Wt% of the core ma ss . Beca u se they a re rela tively 

vola tile, it is likely they were tra nsp orted f rom the rea ctor core to the 

stea m genera tor a s  a erosols. The a lloy melts a t  the relativel y low 

temp era tu re of 799° C, a nd the control rod cla dding, which is 304 sta inle ss 

steel, melts at a tempera ture between 1399 a nd 14 54° C .  The boiling 

temp era tures of elementa l Ag, I n, a nd Cd a t  a tmosp heric p ressu re a re 2212, 

2000, a nd 765° C .  

The da ta p resented in Ta ble 6 show tha t the concentra tions o f  A g  a nd 

Cd in the stea m genera tor debris sa mple a re highest f or pa rticles sma ll er 

tha n 150 �m . Silver was not detected in pa rticles la rger tha n 710 �m. but 

for the three pa rticle size group s  tha t conta ined detecta ble quan tities of 

Ag, the concentra tion of Ag decrea ses with increa sing pa rticle size . For 

the pa rticle size group s  below 710 �m. the concen tra tion of Ag is a fa ctor 

of 2 or more grea ter tha n the concentra tion of Cd. The concentra tion of Cd 

decrea ses nearly linea rly with increa sing pa rticle size . For pa rticles 

sma ller tha n 150 �m. it ha s a concentra tion of 0 . 61 Wt% ,  which is a lmost 

6 times its core a vera ge concentra tion, wherea s its a vera ge concentra tion 

in the 7 pa rticles larger tha n 1000 �m is a bou t a fa ctor of ten less, being 

only 0. 07 Wt% .  

As p reviou sly mentioned, Al is p resent in the core a s  the bu rna ble 

p oison Al2o 3-B4C bu rna ble p oison ma teria l. A second burna ble p oison 

a lso p resent in the uo2 in f ou r  exp erimenta l fuel a ssemblies is 

Gd2o
3

-uo2
. Alu minu m wa s detected in only one of the stea m- genera tor 

debris pa rticles la rger tha n 1000 �m a nd in only two of the sieve 
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fract i on s  con ta i ning par ticles smaller than 1 000 �m . The Al concentrati ons  

for these samp l e s  range from 0 . 42 W� ( 1000-�m pa rt i cle ) to 1 . SO Wt' 
( >710 to < 1000-�m s t eve f rac tion ) . G i ven the fact tha t the vacuum 

apparatus used to collect the debr i s  sample was equ i pped w i th an Al nozz l e, 

the data for Al •ust be used with caution . 

The principa l struc tural material elemen ts detec ted in the 

steaa-generator debris samples are N i ,  Si , Fe, Nb, and Mn. C h rom i um, wh i c h 

is  a maj or constituen t  o f  s tainle ss steel and I n conel s t ructure s, was not 

detected , probably ow t ng to the high detec tion 1 1 m t t for Cr in ICP 

analys t s ,  wh i ch results fro• the loc a t i on of the em t ss t o n  l t ne measured t n  

the spectr um .  
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4 .  OBSERVATIONS AND CON CLUSIONS 

The physical , che mical , and radioche mical anal y se s  perf or me d  on the 

samp l e s  of l oose p articu l ate debris col l e cte d from the uppe r tu be she e t  of 

the B-l oop ste am ge ne rator du ring M arch 198 7 p rovide significant 

information on the ph ysical characte ristics and chemical comp osition of the 

debr is . Becau se many of the anal y se s  pe rforme d on the steam-ge ne rator 

debris samp l e  were al so pe rforme d on the samp l e s  of debris col l e cted f rom 

the core u pper debris bed, it is p ossibl e to compare the comp ositions of 

the two types of debris samp l e s .  Since it is l ike l y that the l oose 

p articu l ate matte r recovere d from the ste am-ge nerator upper tube she e t  was 

transp or ted to the steam gene rator shortl y af te r  the 2-B re actor cool ant 

pump was tu rned on 174 min into the accide nt, the anal y sis resu l ts f or the 

samp l e  p rovide a basis f or up dating our k nowl edge of the condition of the 

core at abou t 174 min into the accide nt. The princip al obse rvations and 

concl u sions incl u de the fol l owing: 

Approximate l y  93 Wt% of the de bris material is l arge r than 1000 pm . 

The l arge st p articl e s  are p articl e s  of fue l that range in mass f rom 

0.13 to 0.26 g. 

The dominant activities in the samp l e s  are Cs-137 and Sr-90; the ir 

conce ntrations are abou t 3.5 and 2.0 mCi/g, re spe ctive l y .  

Conce ntrations of the re l ativel y vol atil e radionu cl ides 1 -129, Cs-134, 

Cs-137, and Sb-125 are conside rabl y higher in the ste am ge ne rator 

de bris samp l e s than in the sampl e s  of debris col l e cte d f r om the core 

u ppe r debris be d. The ir concentrations are h ighe st in the partic l es 

smal l e r than 1 50 �m . 

The aver age concentration of 1 -129 in the ste am ge ne rator debris 

samp l es is abou t a factor of 17 h ighe r than its ave rage conce ntration 

in the sampl e s  from the core u pper de bris bed. The conce ntration of 

1 -1 29 in the steam ge ne rator debris samp l e  is abou t a f actor of 4 

highe r than its pre dicte d core ave rage conce ntration. 
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Ant i aony- 125  concentrtti on dec rea ses w i th i ncreasing par ticle 

s i ze and t s  highes t  in part i cles smaller than 150 �· · 

Sign i fic ant fract i ons  of the tct i vt t i es of the relati v ely more 

volatile radionucl ides , such as I - 1 29 ,  C s- 1 34 ,  Cs- 1 37 ,  and  

Sb- 1 25 ,  tre probtbly pl ated out on the surfaces of  the part i cles  

in the stea• generator debri s s ample. 

The concentrations of Sr-90,  Ce- 1 44 ,  Eu- 1 54 ,  and Eu- 1 55 ,  when 

n onaalized to uran t �  concentrati on s ,  are essen t i tll y  independen t 

of part i c l e  size . This indica tes that the relat i v e q uantiti es of 

these rtdi onucli des deposited on the surfaces of the p1rticles 

a re � 1 1 and th1t particle size did not i n f l uence the 

letchabil t ty of the refractory rtd1 onuclides. 

The U concentrat i on 1 n  the debris from the steam genera tor i s  

a pprox t •a tely equal to  i ts core aver1ge value , which i s  about 

65 WtS . 

The con centra tion of Z r  f n  the stea• generator- debri s Simple is 

about 1 factor of S lower than it s core average concentration . 

The concentrat i ons  of Ag and Cd  1 n  the steam-generator debris 

staple a re sign i ficant ly higher than the i r correspondi ng 

concentr1 tt on s  in the staples of debris collected fro• the core 

upper debris bed .  The concentrations of these two relat i vely 

vol 1tile ele-.nts are hi ghest t n  part i c les  sma ller than 1 50 �· · 

t ndictting that they were likely tran sported to  the stea• 

generator I S  aerosols . 
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